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Clin Oral Implants Res containing α-MEM supplemented with 15% fetal bovine serum, 50 μg/mL ascorbic acid, 10 -8 M dexamethasone, 10 mM Na-ß-glycerophosphate and an antibiotic-antimycotic solution containing 10,000 units/mL penicillin G sodium, 10,000 mg/mL streptomycin sulfate and 25 mg/mL amphotericin B. Cells were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C.
At 80% confluence, the cells were detached using 0.25% trypsin-1 mM EDTA-4Na and seeded onto polystyrene, untreated collagen material, or NAC-treated material (Fig. 1A ) at a density of 3 × 10 4 cells/cm 2 in 1.0 mL osteoblastic media without ascorbic acid.
Co-culture model without physical contact between cells and material
To evaluate the biological effect of DFDB on osteoblasts under non-physical contact conditions, a non-contact co-incubation model using a culture insert chamber with a submicron porous bottom (0.04-μm pore filter) (Millicell, Millipore, Bedford, MA, USA) was used. The chamber, containing 0.04 g DFDB and 250 μl α-MEM or NAC-treatment solution, was suspended above a 12-well polystyrene plate on which rat osteoblasts were seeded (Fig. 1B ) to a density of 3 × 10 4 cells/cm 2 in 1.0 mL osteoblastic media without ascorbic acid. The bottom of the chamber was submerged at a distance of 3.0 mm from the bottom of the culture plate. This allowed the osteoblasts to be cocultured with the DFDB on the polystyrene but without physical contact. Polystyrene cultures under the chamber containing none or 20 μL/mL of methyl methacrylate (MMA) (Endurance MV, DePuy Orthopaedics, Warsaw, IN) were made as positive or negative control culture for this culture model, respectively.
The cells were cultured for up to 14 days and 70 μl of fresh medium was added for 3 days. The study protocols were approved by the University of California Los Angeles Chancellor's Animal Research
Committee.
Detection of osteoblastic viability and death Clin Oral Implants Res
Cell viability and apoptosis in the culture on polystyrene and collagen membrane were evaluated at 24 hr after seeding by flow cytometry using an apoptosis detection kit (Annexin V-FITC Kit, BD Bioscience, San Jose, CA, USA). Floating and attached cells in the culture were collected into a tube.
After collecting culture supernatant, cultured collagen specimens were transferred to a new culture plate. Subsequently, the collagen substrates were gently rinsed twice with D-PBS and attached cells detached using 0.25% trypsin-1 mM EDTA-4Na. After centrifugation, the cells were stained with annexin V and propidium iodide (PI). This method is based on the binding properties of annexin V to phosphatidylserine and on the DNA-intercalating capability of PI. The intensity of PI staining (y-axis) was plotted against the FITC intensity (x-axis). 
Measurement of intracellular ROS level
The amount of intracellular ROS production in attached cells at 24 hr after seeding on untreated polystyrene, collagen membrane or polystyrene under the culture insert containing none or DFDB was quantified by fluorometry with 5-(and-6)-carboxy-2′,7′-dichlorofluorescein diacetate 
Alkaline phosphatase staining
On days 7 and 14, osteoblastic cultures on polystyrene, collagen membrane or DFDB were washed twice with Hank's solution and incubated with 120 mM Tris buffer (pH 8.4) containing 0.9 mM naphthol AS-MX phosphate and 1.8 mM fast red TR for 30 min at 37°C. The images were analyzed to determine area of positive staining for alkaline phosphatase (ALP), defined as: [(stained area/total substrate area) × 100] (%) using ImageJ.
Statistical analysis
10 Clin Oral Implants Res osteoblastic viability and attachment on polystyrene under DFDB was prevented by NAC pretreatment, as shown by a Calcein intensity level equivalent to that on untreated polystyrene.
Polystyrene culture under a culture insert containing MMA showed a 87% reduction in number of attached viable cells as compared to that on polystyrene under a culture insert with no reagent.
NAC alleviates collagen material-induced marked increase in intracellular ROS level
DCDF-DA fluorescence quantification revealed that intracellular ROS production in viable osteoblasts at 24 hr after seeding was 6 times on untreated CM than on polystyrene (Fig. 4A) . The value in osteoblasts cultured on polystyrene under a porous bottomed-culture insert containing DFDB was 2.5 times greater than that on polystyrene under a culture insert with no reagent, which was a level equivalent to that on polystyrene under a culture insert with MMA (Fig. 4B) . However, this elevation in intracellular ROS induced by collagen matrix material was significantly reduced by pretreatment with NAC (p < 0.05) ( Fig. 4A and B) .
NAC restores suppressed ALP activity in osteoblasts on collagen matrix materials
In contrast to an extensive ALP-stained culture on polystyrene, very little ALP activity was detected on CM or DFDB on day 7. Pretreatment with NAC, however, resulted in a marked restoration of ALP activity (Fig. 5, top panel) . The percentage of the ALP-positive area was greater than 90% on polystyrene, but less than 2% on CM or DFDB (Fig. 5, histogram) (p < 0.01). However, both CM and DFDB yielded an up to 60% ALP-positive area with NAC pretreatment. The percentage of ALP positive area on CM or DFDB at day 14 was higher than that at day 7, but the value still remained 7% or less. In contrast, collagen materials pretreated with NAC showed over 30 % in the percentage of ALP positive area even at day 14. Especially, the percentage of ALP positive area on DEDB pretreated with NAC increased from day 7 to day 14. On day 14, polystyrene culture showed a reduction in the percentage of ALP positive area as compared to that at day 7.
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Discussion
The results of the present study revealed that viability and function were suppressed in osteoblasts cultured on commercially available CM or DFDB, with less than 50% of osteoblasts surviving on the Without exception, commercially available collagen materials are derived from human or animal organ tissue, which means that they must undergo some physicochemical or enzymatic treatment during their manufacturing process. Current procedures for DFDB involve the use of ethanol to remove lipids and hydrochloric acid to remove the mineral components of bone. Generally, commercial collagen membrane originates from allogeneic or xenogeneic tissues such as the Achilles tendon, dermis or dura mater. The telopeptides, which function as major antigenic sites, and intermolecularly cross-linked sites in the original collagen filament are removed during its production, with subsequent cross-linking of fibers to enhance the structural stability of the collagen polymer and control its biodegradability using a physical, chemical or enzymatic method (Arem 1985) . Some studies indicated that this process influenced the cytocompatibility of the collagenous material (Arem 1985) . For example, collagenous material cross-linked with glutaraldehyde showed a continual release of glutaraldehyde with biodegradation (Jorge-Herrero, et al. 1999) , which contributes to prolonged toxic effects following tissue implantation on endothelial cells, fibroblasts, osteoblasts and other types of cell (Arem 1985 , Gough, et al. 2002 . The released agents from DFDB, that caused the cellular irritation, should be identified in future research.
In addition, structural collapse of the collagenous matrix may result in oxidative stress on attached cells. Culture of fibroblasts on an enzymatically fragmented collagen tissue scaffold with low-density surface collagen bands resulted in an increase in intracellular ROS production as compared to with culture of cells on intact collagen matrix with a compact structure (Fisher, et al. 2009 ). Collagen matrix allows cell attachment by direct bonding through cell adhesion membrane molecules, integrins (Jokinen, et al. 2004 , White, et al. 2004 , and by indirect connection via 13 Clin Oral Implants Res noncollagenous extracellular matrix such as fibronectin, which has several adhesion function domains to cells and matrix (Sekiguchi & Hakomori 1980) . Binding of integrin adhesion receptors to extracellular matrix components activates the signaling pathways which direct osteoblast survival, proliferation and differentiation (Garcia & Reyes 2005 , Gronthos, et al. 2001 , Jikko, et al. 1999 , Mizuno & Kuboki 2001 . Generally, commercially available CM is biodegradable and water-soluble.
Therefore, the inhibition of osteoblastic cell attachment and elevation of intracellular ROS contributing to cell death and loss of ALP activity on the CM in this experiment may have resulted from degradation of the membrane's surface structure. Identification of which agents were responsible for the cytotoxic effects observed here would be of great interest in future study as this would help clarify the mechanism underlying the negative response of osteoblasts to currently available collagenous graft materials. 
